Abstract-In this paper, a new approach to the design of a balun circuit is presented. The proposed balun is composed of an impedance-transforming directional coupler and an LH/RH transmission line differential phase shifter. The proposed solution features broadband amplitude and phase response, moreover, a flexibility of the impedance transformation from balanced to imbalanced port is obtained. The proposed concept has been verified by the design of a balun circuit featuring over-an-octave bandwidth and impedance transformation 70  bal. / 50  imbal .
I. INTRODUCTION
Baluns are well-known microwave circuits allowing for conversion of unbalanced mode propagating in asymmetric wave-guiding structures, e.g. microstrip lines, to a balanced one propagating in balanced lines. The design of such networks has been described in a number of papers [1] - [6] . Among typical solutions one can name tapered-line baluns [1] , Marchand baluns [2] - [4] or baluns designed with the use of trans-directional couplers [5] . On the other hand a 0/180 coupled-line directional coupler can be utilized as a balun circuit. As a benefit, a wide operational bandwidth can be obtained, taking the advantage of the broadband properties of the utilized coupled-line sections. The exemplary design of such networks can be found in e.g. [6] , [7] , where 0/180 couplers have been designed as a connection of 3dB/90 directional couplers and 90 phase shifters. Moreover, in order to achieve wide operational bandwidth in terms of phase response, differential phase shifters utilizing left-handed (LH) and right-handed (RH) transmission-line sections have been applied. In such networks, however, the impedance terminating the balanced port needs to be equal twice the impedance terminating the imbalanced port i.e. Z bal. = 2Z imbal. Therefore, the impedance transformation ratio defined as R b = Z bal. / Z imbal equals 2 and cannot be arbitrarily chosen.
In this paper, a novel concept of the balun circuit has been proposed, in which recently developed impedance-transforming directional couplers have been applied. In the proposed network, the impedance transformation is obtained by the properly designed coupled-line section as it was recently reported [8] . The required phase response of the network is obtained with the use of an additional differential phase shifter composed of LH and RH transmission-line sections, as it was presented in [6] and [7] . As a result, broadband amplitude and phase response of the balun circuit can be obtained. The proposed technique has been verified by the design of a balun circuit transforming the impedance terminating imbalanced port Z imbal. = 50  to the impedance terminating balanced port Z bal. = 70  (R b = 1.4). The obtained measurement results are in a good agreement with the results of circuit and electromagnetic analyses.
II. ANALYSIS OF THE PROPOSED BALUN CIRCUIT
The concept of the proposed balun circuit is presented schematically in Fig. 1(a) , where a circuit composed of a 90-long coupled line section in conjunction with the ideal 90 phase shifter is presented. If the coupled-line section is designed following the procedure shown in [8] , the resulting coupled-line section transforms the impedance of the input port to the chosen impedance level at the coupled and transmission ports. was also shown in [8] the limiting value for the impedance transformation is related to the coupling factor k of the coupled-line section, and is expressed as follows:
Taking into account that in baluns equal power split needs to be ensured i.e. k = 0.707, the impedance transformation R cannot exceed 2. This condition, however, gives a flexibility for the realizable impedance transformation, which can be of any value from the range of 25  < Z out < 100  (assuming Z in = 50 ). The given range of output impedance of the coupled-line section Z out results in a range of realizable balanced impedance 50  < Z bal. <200 , that can be achieved at the balanced output ports of the circuit.
To investigate the properties of the proposed circuit, a balun with impedance transformation R b = Z bal. / Z imbal = 70  / 50  has been designed, for which the coupling factor k = 0.8 has been selected, ensuring a wide operational bandwidth in terms of amplitude response. The required additional 90 differential phase shifter has been realized with the use of a technique reported in [6] , [7] , where a pair of LH and RH sections, both being 45-long, have been applied (see Fig.  1(b) . The resulting scattering parameters of the circuit are presented in Fig. 2 . The proposed circuit features wide operational bandwidth in terms of both amplitude and phase response. Additionally in Fig. 2(b) a phase response of the balun circuit is shown, in which the required 90 phase shift is obtained using a 90-long RH line at the transmission ports. From the comparison it is seen that the utilization of a metamaterial transmission line improves the phase imbalance in relatively wide frequency range. For the purpose of analysis the 45-long LH transmission-line section has been approximated with the lumped element equivalent circuit presented in Fig.   3(a) 
distributed approximation has been employed (see Fig.  3(b) ) for which the following values have been found: Zs = 170 , 1 = 32, 2 = 38, C = 13 pF.
III. BROADBAND BALUN CIRCUIT REALIZATION
To experimentally verify the presented concept, a coupled line section has been designed in a coupled-line geometry shown in Fig. 4 , for which h 1 = 0.152 mm,  r1 = 3.38, h 2 = 0.04 mm,  r2 = 3.38, h 3 =1.524 mm,  r3 = 3.38 and w 1 = 0.92 mm, w 2 = 3.71 mm. The per-unit-length parameters, listed in Table  I , and the dimensions of the strips have been found numerically using Linpar software [9] . To verify the properties of the proposed balun circuit, an electromagnetic calculation has been made in which the designed coupled-line section in conjunction with LH and RH transmission-line sections have been analyzed. The obtained S parameters are presented in Fig. 5 . One can notice a very good agreement between the circuit and electromagnetic analysis in terms of both amplitude and phase response. Finally, the proposed circuit has been fabricated and measured with the VNA under 50  terminating impedances at all ports. The obtained results have been recalculated to the proper terminating impedances at each port as denoted schematically in Fig. 1 . The measurement results have been presented in Fig. 6 , which fully confirm the results of both theoretical and electromagnetic analyses. From the measurement result of a single balun circuit, the properties of its back-to-back connection have been found, and the results are presented in Fig. 6(c) . As it is seen the proposed circuit operates in over-an-octave frequency range with relatively low insertion losses and good impedance match. The photograph of the manufactured circuit is presented in Fig. 7 . 
IV. CONCLUSION
In this paper, a novel approach to the design of the balun circuit has been presented in which an impedance transforming coupled-line section has been used in conjunction with an LH/RH differential phase shifter. The proposed circuit allows for realization of baluns offering flexibility of impedance transformation ratio selection in a wide impedance range. The circuit features broadband frequency response exceeding one octave. The theoretical analyses have been confirmed with the measurement results of the designed balun. 
